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[57] ABSTRACT 

A structure and method for determining whether a first in, 
first out (FIFO) memory is empty or full when the read 
address of the memory equals the write address of the 
memory. The read and write addresses are individually 
incremented, using a Grey code to avoid decoding glitches. 
The address space is circular and is divided at least three 
segments. Portions of the read and write addresses are 
encoded to indicate the segments in which the read and write 
addresses are located. These encoded address portions are 
decoded to determine the relative segment positions of the 
read and write addresses. If the read address is in the 
segment prior to the write address, a DIRECTION signal is 
set to a first state. If the write address is in the segment prior 
to the read address, the DIRECTION signal is set to a second 
slate. When the read address equals the write address, the 
state of the DIRECTION signal is used to determine whether 
the memory is empty or full. If the DIRECTION signal is in 
the first state, the memory is empty. If the DIRECTION 
signal is in the second state, the memory is full. 

15 Claims, 8 Drawing Sheets 
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FIFO MEMORY SYSTEM AND METHOD address is within one address of catching up to the write 

FOR CONTROLLING address and when the write address is within one address of 

catching up to the read address. Again, the subtraction 
This application is a continuatuion-in-part of Ser. No. circuitry for such a system can become complicated and 
08/541,860, filed Oct. 10, 1995 now U.S. Pat. No. 5 even unreliable, particularly when the read and write address 
5,758,192. counters are clocked asynchronously. 

It would therefore be desirable to have an uncomplicated 
method and structure for detecting the FULL and EMPTY 
This invention relates to a first in, first out (FIFO) conditions of asynchronous and synchronous FIFO memo- 
memory. More particularly, this invention relates to a 10 nes- 
method and structure for determining whether a FIFO 
memory is empty or full, thereby facilitating control of the 
FIFO memory. Accordingly, the present-invention provides an unconw y 

plicated -and robust slructure and metfiod'for "determining J 
DESCRIPTION OF THE PRIOR ART is 'whether- a -FIFO memor-y-i S .empty^or _fuU .^In-one ' 

Data values sequentially written to a FIFO memory are embodiment, a FIFO mem ory system^ includes a _FIFO 
sequentially read from the FIFO memory in a first in, first ^E^va^nte addresscounter, a readaddres^counter, and> 
out manner. Most FIFO memories are implemented as £ a direction ciraiiUTEewnteaddress counter is confi 
random access memories having two separate address increment the - write^address in a predetermined circular 
counters. One address counter is used to maintain a current ^sequ ence which is divided into three or more segments. A 
read address and the other counter is used to maintain a "portiorFof trie write~address is~~encoded 'to indicate the 
current write address. Both the read and write address segment in which the current write address is located within 
counters are circular counters which wrap around to an the circular sequence 



SUMMARY 



initial address after a last address is accessed. The read and ^Similarly, thTTead address counter is configuredto*incre — 
write address counter outputs are either multiplexed to 25 Snt,me r read^ddress.in„the.same ..drcular.s^qi^nc^asjhe 



address a single-port RAM, or they are separately provided ^write jiddress. The, circular sequence of the read address is 
to address different inputs of a multi-port RAM (e.g., a dividecfihto thTsame segments as the circular sequence of 
dual -port RAM). the write.address.tfnTpaTticular^ 

In either scheme, two extreme conditions, namely FIFO 3Q /areused. Aportion of the read address is encoded.to indicate/ 
EMPTY and FIFO FULL, must be detected to ensure proper UhV segment in which the current read jddress is located/ 
operation of the FIFO. The FIFO EMPTY condition must be ^within the circ^^quenc€ i y ? ' ' " 
detected so that read operations from the FIFO can be ^TrIe"direction"circuit~is^ 

prevented during the time that the FIFO is empty (since there / portions of r ttie re ad^and" write 7 addresses.' In response, the" / 
are no valid data values present in the FIFO to read). The 3J (_dir.e.ction circuit generates a DIRECTIONsignal-which-is set 
FIFO FULL condition must be detected so that write opera- to a first state when the read address is in the segment prior 
tions to the FIFO can be prevented during the time that the to the segment of the write address, and is set to a second 
FIFO is full (since there is no memory space present in the state when the write address is in the segment prior to the 
FIFO to store any additional data values). segment of the read address/The DIRECTION signaTis used~7 

The contents of the read and write address counters are 40 to -determine- whether- the+IFO memory is empty or MlJ 
typically used to determine whether the FIFO is empty or when the read address equals the write address, — — 
full. To do this, the contents of the read and write address Tn a'particular embodiment," the~FIF0 "memory ~system|_ 
counters are compared. If the contents of the read address includes a control cifcuit'cdupled to receive the read address^/ 
counter are identical to the contents of the write address -theTwrite address and the DIRECTION signal. TTie~~confrbl 
counter, the FIFO is either empty or full. However, identity 45 'circuit-asserts a'FUUTsignal^hennhTread address equals 
of the contents of the read address counter and the write the write, ad dress and t he DIRECTION signaljs i n its fi rst 
address counter, by itself, does not distinguish whether the state^Tb e control tircuit asserts an EMPTY signal when the 
FIFO is empty or full. That is, the contents of the read ^readlicidress equals^the^write- address and the DIRECTION^ 
address counter are identical to the contents of the write /^signal is in its second stateyTheTasserted FULLsignal, which / 
address counter when the FIFO is empty, and also when the 50 indicates^he"~FiFCT memory^is full," is used to prevent / 
FIFO is full. /subsequent write operations to the FIFO memory.^Th<f 

One conventional method used to determine whether the ^asserted-EMPTY signalrwhich indicates the'FIFO "memory 
FIFO is empty or full is to detect what type of operation ^ empty, is used to prevent subsequent read operations from 

caused the contents of the read and write address counters to the FIFO mem ory. 

match. If a read operation was performed (i.e., the read 55 ^JThezcontrolrcircuit-can also^include-a^first stretching / 
address counter was incremented), the resulting equality of ^circuit which prevents the FULL signal from being / 
the read and write address counters indicates a FIFO dejasserted fo r, a firsltim e period before a write operation is/ 
EMPTY condition. Conversely, if a write operation was perforraed,Jhereby allowing adequate set up time for a/ 
performed (i.e., the write address counter was incremented), /subsequent write operation? The control^circuit^carr also 
the resulting equality of the read and write address counters 60 include " a "second stretching circuit which prevents the 
indicates a FIFO FULL condition. However, determining the EMPTY signal from being de-asserted for a second time 
type of operation which caused the contents of the read and period.before-aread.operation is performed, tter^y ajlow-^* 
write address counters to match can become complicated, ing adequate. set.upjime for a sub~sequentreadoperation. 
particularly when the read and write address counters are ^^Therread-and- write-addresses /in one embodimehr^aTe" y 
clocked asynchronously. 65 /implementing.using a Grey code so that no more than one 

Another prior art system subtracts the contents of the read / address bit changes^at one.time, andjiecode glitches are t hus / 
and write address counters to determine when the read / avoided^ 
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:The present' FIFO "memory system can be implemented, RAM 101, 4-bit write address counter 102, 4-bit read 

e"g., by a field programmable gate array or any other type of address counter 103, clocked direction circuit 104, EMPTY 
i Integrated circuit chip. Furthermore, the write address/ logic circuit 105 and FULL logic circuit 106. 

i counter and the read address counter can be operated syn-/ in general, direction circuit 104 (a latch or flip flop) stores 

chronously or asynchronously^ — — s a 1-bit value which indicates whether the address in read 

The inv^iorTalso includes a method of operating a FIFO address counter 103 (i.e., the read address) is about to catch 

memory system which includes the steps of: up to the address in write address counter 102 (i.e., the write 

(1) incrementing the write address of a FIFO memory in address), or whether the write address is about to catch up 
a predetermined circular sequence, wherein the circular with the read address. If the bit value in direction circuit 104 
sequence is divided into three or more segments, 10 indicates that the read address is about to catch up to the 

y .v • . jj , . . t . write address, and the read address becomes identical to the 

(2) encoding a portion of the wnte address to indicate the „ ., , , ' ci^t.™ t _: rt • + Ac nonnrntae . n „ . (rt 
v ' . «. . , • .. , , . . .... wnte address. EMPTY logic circuit 105 generates a signal to 

segment in which the write address exists within the ... ' M . & . , * _ . ,. & . 

circular se uence indicate that FIFO 101 is empty. If the bit value in direction 

circu ar sequence, circuit 104 indicates that the write address is about to catch 

(3) incrementing the read address of the FIFO memory in 15 up t0 the read addresSj and me rea d address becomes 
the same predetermined circular sequence as the write i dentical t0 the write address, FULL logic circuit 106 
address, generates a signal to indicate that FIFO 101 is full. The 

(4) encoding a portion of the read address to indicate the operation of memory system 100 is described in more detail 
segment in which the read address exists within the below. 

circular sequence, 20 Dual-port FIFO memory 101 is a conventional circuit 

(5) comparing the segment in which the write address which is controlled by a write enable signal WE, a write 
exists to the segment in which the read address exists, clock signal WCLK, a 4-bit read address R3-R0 and a 4-bit 

(6) driving a DIRECTION signal to a first state (near write address W3-W0. When the write enable signal WE is 
empty) when the read address exists in the segment asserted, the rising edge of the write clock signal WCLK 
prior to the segment in which the write address exists, 25 causes a data input signal DIN to be written to the current 

(7) driving a DIRECTION signal to a second state (near write address W3 " W0 of FIF0 memorv 101 throu g h lhe first 
full) when the write address exists in the segment prior P ort of mcmorv 101 * 

to the segment in which the read address exists, and The second port of FIFO 101 presents a data value DOUT 

(8) using the DIRECTION signal to determine whether 30 fr° m the current read address R3-R0 °f FIFO 101. When the 
the FIFO memory is empty or full. read enable signal RE is asserted, the rising edge of the read 

The present invention will be more fully understood in c u lock signal RCLK increments read address counter 103 to 

light of the following detailed description taken together th< ; nc * * ddrc ^ ^ f con , d Pf thcD P resenls a data 



with the drawings. 



value DOUT from this next read address. 
35 In one embodiment, dual-port FIFO memory 101 is 

BRIEF DESCRIPTION OF THE DRAWINGS implemented by a field programmable gate array (FPGA). 

+ . , , , r ™™ . Such an embodiment is illustrated by FIG. 1. For example, 

FIG. 1 is a block diagram of a FIFO memory system in pjpQ mem ory 101 can be implemented using Xilinx's 

accordance with one embodiment of the invention; XC4000E FPGA, as described in Xilinx's XC4000E Field 

FIG. 2 is a schematic diagram illustrating circuitry used Programmable Gate Array Family Preliminary Product 

for one column of a FIFO memory in an FPGA; Specifications, dated Sep. 7, 1995 (Version 1.04), hereby 

FIG. 3a is a schematic diagram of an address counter in incorporated by reference, 

accordance with one embodiment of the invention; pjQ. 2 is a schematic diagram illustrating circuitry used to 

FIG. 3b is a truth table which illustrates the successive create one column 101a (16 bits deepxl bit wide) of FIFO 

states of the address counter of FIG. 3a; 45 memory 101, as implemented in the XC4000E FPGA. 

FIG. 3c is a schematic diagram of an address counter in Column circuit 101a stores the least significant bits DIN 0 

accordance with a Grey code embodiment of the invention; and DOUT D of the DIN and DOUT signals. Column circuit 

FIG. 3d 1 is a truth table which illustrates the successive JJl^Trlic ™^ t0 ^ l^l^f ° ^1?°? 

states of the address counter of FIG. 3c; M.Tbe XC4000E FPGA uses configurable logic blocks 

n „ „ . <;n (CLBs) to implement desired memory and logic functions. 

FIG. 3e illustrates successive states of a 32-bit address ^ ^ i/ required t0 form cohimn circuit 101fl and 

counter and related equations. &ixteen CLBs arc rcquired tQ form FIF0 memory 101 Thc 

FIG. 3/ illustrates successive states of a 64-bit address num ber of CLBs required to form each of circuits 101-106 

counter and related equations. using lhe XC4000E FPGA is shown in FIG. 1. 

FIG. 4a is a schematic diagram of a direction circuit in 5S Column circuit 101a includes AND gates 115-116, con- 
accordance with one embodiment of the invention; figurable bit latches 119-120, inverter 127, multiplexer 128 

FIG. 4b is a schematic diagram of a direction circuit in and function generators 111 and 112. Function generators 

accordance with an alternative embodiment of the invention; m and 112 include AND gates 117-118, latches 121-126, 

and differentiator circuits 129-130, l-of-16 write decoders 

FIG. 5 is a schematic diagram of an EMPTY logic circuit 60 131-132, 16-latch arrays 141-142 and 16-to-l multiplexers 

and a FULL logic circuit in accordance with one embodi- 151-152. Function generators HI and 112 are operated as 

ment of the invention. RAM. 

The data input signal DIN 0 is provided to latches 121 and 

DETAILED DESCRIPTION 124 Configurable bit latches n g and U 0 are programmed 

FIG. 1 is a block diagram of a FIFO memory system 100 65 to provide logic "1" values to respective AND gates 115 and 

in accordance with one embodiment of the invention. 116. The other input terminals of AND gates 115 and 116 

Memory system 100 includes 16x16 bit dual -port FIFO receive the write enable signal WE. As a result, the write 
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enable signal WE is provided to latches 122 and 125. The 
write address signals W3-W0 are provided to latches 123 
and 126. The write clock signal WCLK (or its inverse) is 
routed through multiplexer 128 to the clock input terminals 
of latches 121-126 and to input terminals of AND gates 117 
and 118, 

Latches 121 and 124 provide the data input signal DINO 
to the respective input terminals of 16 -latch arrays 141 and 
142. The write enable signal WE is routed from latches 122 
and 125 to AND gates 117 and 118, respectively, thereby 
creating a pair of write signals which are provided to 
differentiator circuits 129 and 130 when the write clock 
signal WCLK has a logic "1" value. In response, differen- 
tiator circuits 129 and 130 generate write pulses which have 
a duration less than the time the write clock signal WCLK 
has a logic "1" value (i.e., a half cycle of the WCLK signal). 
These write pulses are provided to 16-iatch arrays 141 and 
142. Latches 123 and 126 provide the write address signals 
W3-W0 to l-of-16 write decoders 131 and 132, respec- 
tively. In response, write decoders 131 and 132 transmit 
signals to enable the addressed rows in respective 16-latch 
arrays 141 and 142. As a result, the data signal DIN 0 is 
written to the addressed row in both of 16-latch arrays 141 
and 142. 

Read address signals R3-R0 are provided to multiplexer 
151. Multiplexer 151 receives the data values stored in each 
of the 16 addresses in 16-latch array 141, and passes the data 
value from the address which corresponds to read address 
signals R3-R0. This data value is provided as data signal 
DOUT 0 . As a result, column 101a can be accessed in a 
dual-port manner using separate read and write addresses. 
Two function generators 111 and 112 are required to obtain 
this dual-port capability in the XC4000E FPGA because 
each function generator has only one set of address input 
lines. 

In another embodiment, memory system 100 is fabricated 
on an integrated circuit chip other than a Xilinx FPGA. In 
such an embodiment, dual-port FIFO 101 can be imple- 
mented as a standard dual-port memory. 

The generation of the read and write address signals will 
now be described. FIG. 3a is a schematic diagram of a read 
address counter 103a for implementing read address counter 
103 of FIG. 1 in accordance with one embodiment of the 
invention. In this embodiment, read address counter 103a 
includes D-Q flip flops 201-204, AND gates 211-216, OR 
gates 221, 222 and inverter 225. Read address counter 103a 
is a 4-bit circular counter which advances to the next address 
in response to a read enable signal RE and a read clock 
signal RCLK. The read clock signal RCLK is coupled to the 50 
clock input terminal of each of flip flops 201-204. The read 
enable signal RE, which is coupled to the clock enable (CE) 
input terminal of each of flip flops 201-204, is asserted each 
time a new read address is to be generated. The timing of the 
read enable signal RE and the read clock signal RCLK is 55 
known by those skilled in the art. 

The address signals R3-R0 provided by read address 
counter 103a are encoded. The two least significant bits 
R1-R0 are encoded using a standard Grey code and the two 
most significant bits R3-R2 are also encoded using a stan- $q 
dard Grey code. This Grey coding ensures that each time 
read address counter 103 changes state, only one of the two 
most significant address bits R3-R2 changes state. 
^yFIGr32Tis a truth table 250 which illustrates~the succes^^ 
ysiye states^ (from top to bottom) of read address counter ~yss 
103a^Read address counter- 103a divides the circular^ 
address range into four quadrants which are.identifiedby-the 



ytwp_mpst_ significant bits R3-R2 of the read address. Thus, 
/as the read address progresses through the first, seco nd, thi rds 
7 and~fourth~qulidtt^ 

J R3-R2 have values of- OOi 10, 11 -and 01, respecSvely-As7 
S^descnlDedrin^morejide^ 
^address.and_me_quadranLof-the-write-address-are.compared-^ 
in direction latch 104, and the results are stored to determine 
whether FIFO memory 101 is empty or full when the read 
address becomes equal to the write address. Although the 
present embodiment is described in accordance with four 
quadrants, divisions involving other numbers of segments 
can be used. However, at least three segments must be used. 

Referring to FIG. 1, the two most significant bits W3-W2 
of the write address and the two most significant bits R3-R2 
of the read address are provided to direction circuit 104. As 
previously described, these most significant bits indicate the 
quadrants of the read and write address as defined in 
connection with FIG. 3b. Direction circuit 104 uses this 
quadrant information to generate a DIRECTION signal 
which is used to indicate whether an equality between the 
read address R3-R0 and the write address W3-W0 indicates 
a FIFO EMPTY condition or a FIFO FULL condition. 

To determine whether FIFO memory 101 is empty or full 
when the read address becomes equal to the write address, 
the quadrant of the read address and the quadrant of the write 
address are compared, and the results are stored. Although 
the present embodiment is described in accordance with four 
segments (quadrants), divisions involving other numbers of 
segments can be used. However, at least three segments 
must be used. 

Write address counter 102 (FIG. 1) includes circuitry 
which is identical to the circuitry in read address counter 
103. However, write address counter 102 operates in 
response to the write enable signal WE and the write clock 
signal WCLK to provide a 4-bit write address W3-W0, The 
write addresses W3-W0 are encoded in the same manner as 
read addresses R3-R0. Thus, the two most significant bits 
W3-W2 of the write address identify a quarter of the write 
address. 

The write clock signal WCLK and the read clock signal 
RCLK can be a common system clock signal (synchronous 
operation). Alternatively, these clock signals can be separate 
clock signals having different frequencies (asynchronous 
operation). In both synchronous and asynchronous systems, 
the read enable signal RE and write enable signal WE must 
honor set-up time requirements specific to the corresponding 
read clock signal and write clock signal to allow for proper 
operation of read address counter 103 and write address 
counter 102. The two most significant bits W3-W2 of the 
write address and the two most significant bits R3-R2 of the 
read address are provided to direction circuit 104. As pre- 
viously described, these most significant bits indicate the 
quadrants of the read and write address as defined in 
connection with FIG. 3b. Direction circuit 104 uses this 
quadrant information to generate a DIRECTION signal 
which is used to indicate whether an equality between the 
read address R3-R0 and the write address W3-W0 indicates 
a FIFO EMPTY condition or a FIFO FULL condition. 

FIG. 4a is a schematic diagram of one embodiment of 
direction circuit 104 useful with synchronous logic using the 
same clock signal for both READ and WRITE, which 
includes exclusive OR gates 301-304, OR gate 305, AND 
gates 311-313, direction feedback line 315 and D-Q flip flop 
320. Address signals W2 and R3 are provided to exclusive 
OR gates 301 and 303, and address signals W3 and R2 are 
provided to exclusive OR gates 302 and 304. AND gate 311 
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is coupled to receive the output signal of exclusive OR gate 
301 and the inverse of the output signal of exclusive OR gate 
302. AND gate 312 is coupled to receive the inverse of the 
output signal of exclusive OR gate 303 and the output signal 
of exclusive OR gate 304. The output terminal of AND gate 5 
311 is connected to one input terminal of OR gate 305, and 
the DIRECTION signal feedback line 315 is connected to 
the other input terminal of OR gate 305. The output terminal 
of OR gate 305 is connected to one input terminal of AND 
gate 313. The output terminal of AND gate 312 is coupled 10 
to the other input terminal of AND gate 313 through an 
inverter. The output terminal of AND gate 313 is connected 
to the D input terminal of flip flop 320. Other inputs to flip 
flop 320 include a direction clock signal and a reset signal. 
The Q output terminal of flip flop 320 provides the DIREC- 15 
TION signal. 

Direction circuit 104 decodes the relative quadrant posi- 
tions for the current read and write addresses. If both the 
read and write addresses are in the same quadrant (i.e., W3 
W2 R3 R2«0000, 1010, 1111 or 0101) or separated by two ™ 
quadrants (i.e., W3 W2 R3 R2=0011, 1001, 1100 or 0110) 
the state of the DIRECTION signal remains unchanged. If 
the write address is one quadrant behind the read address 
(i.e., W3 W2 R3 R2=0010, 1011, 1101 or 0100), the DIREC- 
TION signal is set to a logic "1" value. If the read address 25 
is one quadrant behind the write address (i.e., W3 W2 R3 
R2-0001, 1000, 1110 or 0111), the DIRECTION signal is 
reset to a logic "0*' value. 

When system 100 is initialized, both the read address 
R3-R0 and the write address W3-W0 are set to the same 30 
predetermined initial address (e.g., 0000) and the DIREC- 
TION signal is reset to a logic "0" value. Because the read 
and write addresses are in the same quadrant, the DIREC- 
TION signal initially remains at a logic "0" value. As 
described in more detail below, if the DIRECTION signal 35 
has a logic "0" value when the read address is equal to the 
write address, a FIFO EMPTY condition is indicated. 

After direction circuit 104 is initialized, read and write 
operations are performed in various orders within memory 4Q 
system 100 in response to the received signals (i.e., write 
enable signal WE, write clock signal WCLK, read enable 
RE, read clock signal RCLK and data input signal DIN). As 
the read and write addresses enter different quadrants, the 
DIRECTION signal changes states as previously described. 45 
Because only one of the applied address bits R3, R2, W3, 
W2 changes state on any transition (because of the Grey 
coding), decoding glitches within direction circuit 104 are 
avoided. 

In the embodiment of FIGS. 3a and 3b, the illustrated 50 
Grey code sequence prevents most but not all glitches. The 
glitch problem occurs not in the DIRECTION circuit but in 
the FULL and EMPTY circuits, which use all bits of the 
address. A glitch (transient incorrect state of an output signal 
causing a downstream erroneous result) can occur when two 55 
bits are to switch simultaneously, but in fact do not switch 
quite simultaneously and thus produce an intermediate result 
which is incorrect. This incorrect intermediate result might 
be detected by the FULL or EMPTY circuit, and thus should 
be avoided. Dashed lines indicate bits that switch in com- 60 
bination and can thus cause glitches. Therefore, it is pre- 
ferred that the full address, as well as the portion used to 
control the direction circuit follow a Grey code. 

FIG. 3c implements such a circuit and generates the 
progression shown in FIG. 3d, The circuit of FIG. 3c is 65 
implemented in four registers 301-304 and four associated 
lookup tables LUT1 through LUT4 each receiving four input 



signals R0 through R3. A four- input lookup table can 
implement any function of four inputs. The particular func- 
tion for generating the progression in FIG. 3d is represented 
in FIG. 3c by sum-of-products gates in the four lookup 
tables LUT1 through LUT4. For example, in LUT4, AND 
gates 310-313 and OR gate 324 are illustrated with con- 
nections and inverters (bubbles) to represent the equation 

D3-R0 in R2+R2R3+R1 R3+RQR3 . 

The progression shown in FIG. 3d can be seen to be a Grey 
code, both as to the two most significant bits R3-R2 which 
change every quadrant, and as to the entire address R3-R0, 
which changes every clock cycle. Since the entire address 
follows a Grey code progression, glitches are avoided. The 
Grey coding ensures that each time read address counter 103 
changes state, only one bit of the address changes state. This 
prevents decoding glitches within direction circuit 104 and 
also within FULL and EMPTY logic circuits 105 and 106. 
Many other circuits can also be used to generate sequences 
which follow a Grey code. 

FIGS. 3e and 3/ illustrate Grey code sequences for 32-bit 
and 64 -bit FIFOs respectively and may be used when deeper 
FIFOs are required. 

When the write address catches up to the read address, the 
DIRECTION signal will have a logic "1" value. For 
example, assume that the write address and the read address 
are separated by two quadrants. The write address can be 
considered two quadrants behind or ahead of the read 
address. Under these conditions, the state of the DIREC- 
TION signal remains unchanged from its previous state, (In 
embodiments having more than four segments, the DIREC- 
TION signal could remain unchanged over several interme- 
diate segments. In an embodiment having only three 
segment, there would be no intermediate segment in which 
the DIRECTION signal remains unchanged.) As the write 
address catches up to the read address, the write address 
enters the quadrant immediately prior to the quadrant of the 
read address. At this time, direction circuit 104 causes the 
DIRECTION signal to have a logic "1" value. As the write 
address continues to catch up to the read address, the write 
address enters the same quadrant as the read address. When 
this happens, the state of the DIRECTION signal remains 
unchanged. Thus, when the write address catches up to and 
equals the read address, the DIRECTION signal will always 
have a logic "1" value. 

If the write address catches up to the read address, by 
definition, FIFO memory 101 is full. Therefore, as described 
in more detail below, a DIRECTION signal having a logic 
"1" value is used to indicate that FIFO memory 101 is full 
when the read address is equal to the write address. 

Conversely, when the read address catches up to the write 
address, the DIRECTION signal will have a logic "0" value. 
Again, assume that the write address and the read address 
are separated by two quadrants. The read address can be 
considered two quadrants behind or ahead of the write 
address. Under these conditions, the state of the DIREC- 
TION signal remains unchanged from its previous state. As 
the read address catches up to the write address, the read 
address enters the quadrant immediately prior to the quad- 
rant of the write address. At this time, direction circuit 104 
causes the DIRECTION signal to have a logic "0" value. As 
the read address continues to catch up to the write address, 
the read address enters the same quadrant as the write 
address. When this happens, the state of the DIRECTION 
signal remains unchanged. Thus, when the read address 
catches up to and equals the write address, the DIRECTION 
signal will always have a logic "0" value. 
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If the read address catches up to the write address, by provided to an input terminal of AND gate 415. AND gate 

definition, FIFO memory 101 is empty. Therefore, as 417 and OR gate 421 perform a signal stretching function 

described in more detail below, a DIRECTION signal hav- described in more detail below. 

ing a logic "0" value is used to indicate that FIFO memory When read address R3-R0 is identical to write address 

101 is empty when the read address is equal to the write 5 W3-W0, each of AND gates 411 and 412 provides a logic 

address. "1" value to the input terminals of AND gate 415. If the 

The DIRECTION signal is generated at an uncritical time DIRECTION signal also has a logic "1" value at this time, 

by direction circuit 104, i.e., at least one operating cycle a FULL signal having a logic "1" value is generated and 

before the read address is equal the write address. The provided to OR gate 421. In response, OR gate 421 provides 

DIRECTION signal is provided to EMPTY logic circuit 105 10 a FULL signal having a logic "1" value, thereby indicating 

and FULL logic circuit 106. that FIFO 101 is full. This signal is transmitted to control 

FIG. 4b is a schematic diagram illustrating an alternative circuitry (not shown) which prevents additional write opera- 
embodiment of direction circuit 104 useful with both syn- tions from occurring until the FULL signal transitions back 
chronous and asynchronous logic. The circuit of FIG. 4b to a logic "0" state. Write operations are prevented by not 
includes NOR gates 331 and 332, OR gate 333 and D-Q flip 15 activating the write enable signal WE or not enabling the 
flop 334. Flip flop 334 is initially reset, such that the Q write clock signal within FIFO memory 101. The FULL 
output of flip flop 334 provides a logic "0" value to the signal transitions to a logic "0" state after the next read 
inverting input terminal of OR gate 332. This logic "0" value operation is performed. At this time, there is a memory 
causes the output of NOR gate 332, i.e., the DIRECTION location in FIFO 101 to which a data value can be written, 
signal, to initially have a logic "0" value. 20 EMPTY logic circuit 105 is connected to operate in a 

Since FIFO memory 101 is initially empty, the first manner similar to FULL, logic circuit 106. However, in 

operation performed within memory 101 is a write opera- EMPTY logic circuit 106, an EMPTY signal having a logic 

tion. During this first write operation, the write enable signal "1" value is generated by AND gate 416 only when the read 

WE has a logic "1" value. The write clock signal WCLK sets address is equal to the write address and the DIRECTION 

the Q output signal of flip flop 334 to a logic ''1" value. This 25 signal has a logic "0" value. An EMPTY signal having a 

Q output signal is fed back to the D input of flip flop 334 logic "1" value indicates that FIFO 101 is empty. The 

through OR gate 333. As a result, the Q output signal of flip EMPTY signal is provided to OR gate 422. In response, OR 

flop 334 remains at a logic "1" value after the initial write gate 422 provides an EMPTY signal having a logic "1" 

operation. While the Q output signal has a logic "1" value, value to control circuitry (not shown) which prevents data 

the Q output signal no longer effects the state of the 30 values from being read from FIFO memory 101 until the 

DIRECTION signal. EMPTY signal transitions back to a logic "0" state. The 

Exclusive OR gates 301-304 and AND gates 311-312 are EMPTY signal transitions to a logic "0" state after the next 

connected in the manner previously described in connection write operation is performed. At this time, there are data 

with FIG. 4a. The signals provided by AND gates 311 and values stored in FIFO 101 which can be read. 

312 are provided to input terminals of NOR gates 331 and 35 In a particular embodiment, FIFO circuit 101 is operated 

332, respectively. The output of NOR gate 331 is connected synchronously in response to a single system clock. This 

to an input terminal of NOR gate 332. The DIRECTION system clock can have a relatively high frequency (e.g., 50 

signal is provided to an input terminal of NOR gate 331. As to 70 MHz). In another embodiment, system 100 is operated 

a result, the DIRECTION signal will transition to (or remain asynchronously in response to a read clock signal RCLK and 

in) a logic "1" state if the write address is one quadrant 40 a write clock signal WCLK which have different frequen- 

behind the quadrant of the read address (i.e., W3 W2 R3 cies. 

R2-0010, 1011, 1101 or 0100). Similarly, the DIRECTION When system 100 is operated asynchronously, read 

circuit will transition to (or remain in) a logic "0" state if the address counter 103 and write address counter 102 are 

read address is one quadrant behind the quadrant of the write operated asynchronously with respect to each other. The 

address (i.e., W3 W2 R3 R2*=0010, 1011, 1101 or 0100). The 45 effect of this asynchronous operation will now be examined 

direction circuit 104 illustrated in FIG. 4b advantageously with respect to the FULL and EMPTY signals, 

does not require the assertion of a clock signal for the The FULL signal transitions to a logic "1" value at a 

DIRECTION signal to change states. Since WRITE and predetermined time after the edge of the write clock signal 

READ are asynchronous with respect to each other, they can WCLK which caused the FULL condition to exist. The 

both change at the same time, but this event does not cause 50 transition of the FULL signal from a logic "0" value to a 

a decode glitch. logic "1" value is therefore synchronous with the write clock 

FIG. Sis a schematic diagram of EMPTY logic circuit 105 signal WCLK. However, the FULL signal transitions to a 

and FULL logic circuit 106. EMPTY logic circuit 105 and logic "0" value at a predetermined time after the edge of the 

FULL logic circuit 106 include exclusive NOR gates read clock signal RCLK that caused the FULL condition to 

401-408, AND gates 411-418 and OR gates 421-422. 55 cease to exist. The transition of the FULL signal from a logic 

Within FULL logic circuit 106, exclusive NOR gate 401 "1" value to a logic "0** value is therefore asynchronous with 

receives read and write address signals R0 and W0, exclu- respect to the write operations. 

sive NOR gate 402 receives read and write address signals A potential timing problem therefore exists when the 
Rl and Wl, exclusive NOR gate 403 receives read and write FULL signal transitions to a logic "0" value and a subse- 
address signals R2 and W2, and exclusive NOR gate 404 60 quent write operation is initiated. Because the write opera- 
receives read and write address signals R3 and W3. The tion is asynchronous with respect to the l-to-0 transition of 
output terminals of exclusive NOR gates 401 and 402 are the FULL signal, an insufficient set up time might exist for 
connected to input terminals of AND gate 411 and the output the write operation. To eliminate this potential timing 
terminals of exclusive NOR gates 403 and 404 are con- problem, the transition of the FULL signal from a logic "1" 
nected to input terminals of AND gate 412. The output 65 value to a logic "0" value is "stretched" to guarantee that 
terminals of AND gates 411 and 412 are connected to input adequate write set up times exist for write operations which 
terminals of AND gate 415. The DIRECTION signal is also occur after the FULL signal transitions to a logic "0" value. 
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The FULL signal is stretched by preventing the FULL signal 
from transitioning to a logic "0" value when the write clock 
signal WCLK is in its logic low state, i.e., during the 
half-period of the write clock before the rising edge of the 
write clock signal. (One skilled in the art will recognize that 
an embodimenl of the opposite clocking polarity can be used 
where the FULL signal is prevented from transitioning to a 
logic "0" value when the write clock signal WCLK is in its 
high state.) 

The FULL signal is stretched by AND gate 417 and OR 
gate 421. If the FULL signal has a logic "1" value and the 
write clock signal has a logic "0" value, the output signal of 
AND gate 417 has a logic "1" value. As a result, when the 
FULL signal transitions to a logic "0" value (as a result of 
a subsequent read operation), the FULL signal does not 
transition to a logic "0" value until the write clock signal 
WCLK has a logic "1" value. In this manner, the FULL 
signal is effectively stretched. 

Similarly, the EMPTY signal transitions to a logic "1" 
value at a predetermined time after the read clock edge 
which caused the EMPTY condition to exist. The transition 
of the EMPTY signal from a logic "0" value to a logic "1" 
value is therefore synchronous with the read clock signal 
RCLK. However, the EMPTY signal transitions to a logic 
"0" value at a predetermined time after the edge of the write 
clock signal WCLK that caused the EMPTY condition to 
cease to exist. The transition of the EMPTY signal from a 
logic value to a logic "0" value is therefore asynchro- 
nous with respect to the read operations. 

A potential timing problem therefore exists when the 
EMPTY signal transitions to a logic "0" value and a sub- 
sequent read operation is initiated. Because the read opera- 
tion is asynchronous with respect to the transition of the 
EMPTY signal, an insufficient set up time may exist for the 
read operation. Consequently, the transition of the EMPTY 
signal from a logic "1" value to a logic "0" value is 
"stretched" to guarantee that adequate set up times exist for 
read operations which occur after the EMPTY signal tran- 
sitions to a logic "0" value. The EMP1T signal can be 
stretched by preventing the EMPTY signal from transition- 
ing to a logic "0" value when the read clock signal RCLK 
is in its logic low state, i.e., during the half -period of the 
write clock before the rising edge of the read clock signal. 
(Again, for a falling edge clock, transition can be prevented 
when RCLK is in its logic high state.) The EMPTY signal 
is stretched by AND gate 418 and OR gate 422, which 
operate in the manner previously described in connection 
with AND gate 418 and OR gate 421. 

Operation of memory system 100 when FIFO memory 
101 is neither empty nor full will now be described. When 
the write enable signal WE is asserted and FIFO 101 is not 
FULL (i.e., the FULL signal has a logic "0" value), the rising 
edge of the write clock signal WCLK causes data input 
signal DIN to be written to FIFO memory 101 at a location 
corresponding to the current write address. Write address 
counter 102 is then incremented. The second port of FIFO 
101 presents the data value DOUT from the current read 
address. 

When the read enable signal RE is asserted and FIFO 101 
is not EMPTY (i.e., the EMPTY signal has a logic "0" 
value), the rising edge of the read clock signal increments 
read address counter 103. Anew output data value DOUT is 
provided to the second port of FIFO memory 101 in 
response to this new read address. 

If the described embodiment is implemented in an FPGA, 
direction circuit 104, EMPTY logic circuit 105 and FULL 
logic circuit 106 are implemented using one CLB each. 



Write address counter 102 and read address counter 103 are 
implemented using two CLBs each. As a result, the entire 
16x16 FIFO memory system 100 can be implemented using 
a total of 23 CLBs. The present invention provides in various 
embodiments a simple and robust structure for determining 
whether identity of the read and write addresses indicates a 
FIFO EMPTY or FIFO FULL condition. The circuitry used 
to make this determination is less complex and requires less 
hardware than prior art circuits which perform the same 
function. 

Table 1 sets forth timing parameters for memory system 
100 when memory system 100 is implemented in Xilinx's 
XC4000E FPGA. 

TABLE 1 
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Write Cycle Time 14.4 ns « 

Clock Pulse Width 7.2 ns 

WE Set Up Time Before Write Clock 2.0 ns 
Address Inputs: 

Write Counter Delay 2.8 ns 

Address Set Up Time 2.4 ns 

Max Allowed Address Routing Delay 14.4 - 2.£ 
@70 MHz 
Data Inputs: 

Possible Data Register Delay 2.8 ns 

Data Set Up Time 3.2 ns 

Max Allowed Data Input Route Delay 14.4-2.8 - 
@ 70 MHz 

Read 



70 MHz 



- 2.4 - 92 ns 



EC Set Up Time Before Write Clock 
A ddress Inputs: 

Read Counter Delay 
Data Outputs: 

Data Valid After Address 
Max Allowed Address & 



3.0 ns 



2.8 ns 



2.0 ns 
14.1 - 2.0 - 
Control FULL & EMPTY 



3.2 - 9.2 ns 



Write or Read Counter Delay 2.8 ns 

FULL or EMPTY Delay 4.3 ns 

WE Set Up Time Before Write Clock 2.0 ns 

EC Set Up Time Before Write Clock 3.0 ns 

Max Allowed Address Route & 14.4 - 
Decision Delay 



2.8 - 4.3 - 3.0 = 4.3 ns 



45 



Although the invention has been described in connection 
with 40 several embodiments, it is understood that this 
invention is not limited to the embodiments disclosed, but is 
capable of various modifications which would be apparent to 
a person skilled in the art. For example, other logic circuitry 
could be used by one skilled in the art to perform the 
functions described in the specification. Moreover, memory 
system 100 can be 45 modified to operate in accordance with 
FIFO memories 101 having other sizes. For example, one 
skilled in the art could expand FIFO memory 101 to a 64x8 
memory by connecting four of the previously described 
16-bit FIFO memories to provide a FIFO memory having a 
depth of 64 bits. Hie read address counter, write address 
counter and direction circuit would then be modified in 
accordance with the principles previously described to gen- 
erate the EMPTY and FULL signals. In such an 
embodiment, the read address and the write address would 
be provided to each of the four connected FIFO memories. 
The write enable signal would only be provided to one of the 
four connected FIFO memories in accordance with the value 
of the write address. Memory system 100 can also be 
modified for operation in connection with a FIFO memory 
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101 having a single port. Thus, the invention is limited only 
by the following claims. 
I claim: 

1. A first in, first out (FIFO) memory system comprising: 
a memory having a plurality of locations each having an 

address; 

a write address counter coupled to the memory for storing 
a write address representative of an address within the 
memory to which a write operation is to be performed, 
wherein the write address counter is configured to 
increment the write address in a predetermined circular 
sequence which is divided into at least three segments, 
and wherein a portion of the write address is encoded 
to indicate the segment in which the write address 
exists within the circular sequence and the write 
address is encoded using a Grey code; 

a circular read address counter coupled to the memory for 
storing a read address representative of an address 
within the memory from which a read operation is to be 
performed, wherein the read address counter is config- 
ured to increment the read address in the same prede- 
termined circular sequence as the write address, and 
wherein a portion of the read address is encoded to 
indicate segment in which the read address exists 
within the circular sequence and the read address is 
encoded using a Grey code; and 

a first control circuit coupled to receive the encoded 
portions of the read and write addresses from the read 
and write address counters, wherein the control circuit, 
in response to the encoded portions of the read and 
write addresses, generates a first control signal having 
a first state as a result of the read address being in a 
segment prior to the segment of the write address, and 
generates a first control signal having a second state as 
a result of the write address being in a segment prior to 
the segment of the read address, wherein the state of the 
first control signal is used to determine whether the 
memory is empty or full. 

2. The FIFO memory system of claim 1, further compris- 
ing: 

a second control circuit coupled to receive the read 
address, the write address and the first control signal, 
wherein the second control circuit asserts an EMPTY 
control signal indicating that the memory is empty 
when the read address equals the write address and 
the first control signal is in the first state, and 
wherein the second control circuit asserts a FULL 
control signal indicating that the memory is full 
when the read address equals the write address and 
the first control signal is in the second state. 

3. The FIFO memory system of claim 2, wherein the 
second control circuit further comprises: 

a first stretching circuit which prevents the EMPTY 
control signal from being de- asserted for a time period 
before a read operation is attempted; and 

a second stretching circuit which prevents the FULL 
control signal from being de- asserted for a time period 
before a write operation is attempted. 

4. The FIFO memory system of claim 2, wherein the 
memory, write address counter, read address counter, first 
control circuit and second control circuit are implemented 
by a field programmable gate array. 

5. The FIFO memory system of claim 1, wherein the 
circular sequences of the read and write addresses each have 
four segments. 

6. The FIFO memory system of claim 1, wherein the 
memory is a dual-port memory. 
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7. The FIFO memory system of claim 1, wherein the write 
address counter and the read address counter operate syn- 
chronously. 

8. The FIFO memory system of claim 1, wherein the write 
address counter and the read address counter operate asyn- 
chronously. 

9. The FIFO memory system of claim 1, in which said first 
control circuit comprises: 

a first decoder circuit for generating a SET signal when 

said write address is in a segment prior to said segment 

of the read address; 
a second decoder circuit for generating a RESET signal 

when said read address is in a segment prior to said 

segment of the write address; 
a storage device which provides a logic 1 in response to 

said SET signal and a logic 0 in response to said 

RESET signal. 

10. A method of operating a first in, first out (FIFO) 
memory, comprising the steps of: 

providing a memory having a plurality locations each 
having an address; 

storing a write address representative of an address within 
the memory to which a write operation is to be per- 
formed; 

incrementing the write address in a predetermined circular 
sequence according to a Grey code, wherein the circu- 
lar sequence is divided into a t least three segments; 

encoding a portion of the write address to indicate the 
segment in which the write address exists within the 
circular sequence; 

providing a read address representative of an address 
within the memory from which a read operation is to be 
performed; 

incrementing the read address in the same predetermined 
circular sequence as the write address according to the 
Grey code; 

encoding a portion of the read address to indicate the 
segment in which the read address exists within the 
circular sequence; 

comparing the segment in which the write address exists 
to the segment in which the read address exists; 

generating a first control signal having a first state as a 
result of the read address existing in a segment prior to 
the segment in which the write address exists; 

generating a first control signal having a second state as 
a result of the write address existing in a segment prior 
to the segment in which the read address exists; and 

using the state of the first control signal to determine 
whether the memory is empty or full. 

11. The method of claim 10, wherein the step of using the 
first control signal further comprises the steps of: 

determining whether the read address equals the write 
address; 

asserting an EMPTY control signal which indicates the 
memory is empty when the read address equals the 
write address and the first control signal is in the first 
state; and 

asserting a FULL control signal which indicates the 
memory is full when the read address equals the write 
address and the first control signal is in the second state. 

12. The method of claim 11, further comprising the steps 

of: 

preventing the EMPTY control signal from being 
de -asserted for a selected time period before a read 
operation can be performed; and 
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preventing the FULL control signal from being 
de-asserted for a selected time period before a write 
operation can be performed. 

13. The method of claim 11, further comprising the step 
of incrementing the read address and the write address in a 5 
synchronous manner. 

14. The method of claim 11, further comprising the step 
of incrementing the read address and the write address in an 
asynchronous manner. 

15. A first in, first out (FIFO) memory system comprising: 10 
a memory having a plurality locations each having an 

address; 

means for storing a write address representative of an 
address within the memory to which a write operation 
is to be performed; 15 

means for incrementing the write address according to a 
Grey code, wherein the circular sequence is divided 
into at least three segments; 

means for encoding a portion of the write address to 2 o 
indicate the segment in which the write address exists 
within the circular sequence; 



16 

means for providing a read address representative of an 
address within the memory from which a read opera- 
tion is to be performed; 

means for incrementing the read address according to the 
Grey code; 

means for encoding a portion of the read address to 

indicate the segment in which the read address exists 

within the circular sequence; 
means for comparing the segment in which the write 

address exists to the segment in which the read address 

exists; 

means for generating a first control signal having a first 
state as a result of the read address existing in a 
segment prior to the segment in which the write address 
exists, and having a second state as a result of the write 
address existing in a segment prior to the segment in 
which the read address exists; and 

means for using the state of the first control signal to 
determine whether the memory is empty or full. 

***** 
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